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(54) Programming method of the memory cells in a multilevel non-volatile memory device 



(57) The invention relates to a method for program- 
ming a non-volatile memory device of the multi-level 
type, comprising a plurality of transistor cells grouped 
into memory words and conventionally provided with 
gate and drain terminals. The method applies different 
drain voltage values at different threshold values. Such 
values are directly proportional to the threshold levels 



to be attained by the individual memory word bits, and 
effective to provide for a simultaneous attainment of the 
levels, in a seeking-to manner, of the levels at the end 
of a limited number of pulses. 

Advantageously, a constant gate voltage value is 
concurrently applied to the gate terminals of said cells, 
such that the cell programming time is unrelated to the 
threshold level sought. 
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Description 

Field of Application 

[0001] The present invention relates to a method for 5 
programming the memory cells of a multi-level non-vol- 
atile memory device. 

[0002] More particularly, the invention relates to a 
method of programming a non-volatile memory device 
of the multi-level type, which device comprises a plural- 1 o 
ity of transistor cells grouped into memory words and 
provided with conventional gate and drain terminals. 
[0003] The invention relates, particularly but not ex- 
clusively, to a mutti-level non-volatile memory device 
monolithically integrated in a semiconductor, and the fol- 
lowing description is made with reference to this appli- 
cation field for convenience of illustration only. 

Prior Art 

[0004] As it is well known, in a two-level memory de- 
vice that employs a floating gate MOS transistor as el- 
ementary cell, the threshold voltage of the ceil can be 
modulated to establish either of two logic states. A first 
logic state (logic "1") corresponds to a situation of the 
floating gate containing no charge, as is typical of a vir- 
gin or an erased cell, for example. Another logic state 
(logic "0") corresponds to the floating gate storing a suf- 
ficient number of electrons to produce a dramatic rise of 
its threshold, thereby denoting the programmed state of 
the cell. 

[0005] Acurrent-read method can be used for reading 
a memory cell 1 , which consists of applying a read volt- 
age Vread to the gate terminal of the cell and reading 
the current that flows through the cell: 

- if the cell is a written cell, its threshold voltage will 
be higher than the read voltage Vread, so that no 
current will flow through the cell; otherwise 

if the cell is an erased cell, its threshold voltage must 
be adequate to admit a current through the cell. 

[0006] To read information contained in memory cells 
of this type, a sense amplifier is used which compares 
the cell current with a reference value, thus converting 
the analog information of the addressed data in the cell, 
i.e. the value of the cell threshold voltage, to digital in- 
formation, i.e. to a logic "0" or a logic "1". 
[0007] Non-volatile memory devices, particularly 
those of the EEPROM and FLASH types, are specially 
adapted to store up large amounts of data, and are wide- 
ly used, for example, in the presently expanding digital 
video and audio fields. In fact, digital video and audio 
applications require higher and higher storage capaci- 
ties in order to store a large number of musical songs in 
the same support, or to enhance image quality, such as 
by an increased number of imaging pixels. 
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[0008] Multi-level non-volatile memories have recent- 
ly appeared on the market, which are memories capable 
of storing a multiplicity of information bits in each cell. 
Such memories look specialty well equipped to fill the 
above demands. 

[0009] In this type of multi-level memories, the charge 
stored in the floating gate is further broken up, thereby 
generating a number 2 nb of distributions, where "no" is 
the number of bits that are to be stored in a single ceil. 
For example, with 2 bits per cell, the read sense ampli- 
fier is to process four distributions, instead of two as in 
the two-level instance. 

[001 0] A comparison of the threshold voltage distribu- 
tion for a two-level memory and a multi-level memory 
with two bits per cell is schematically illustrated in Fig- 
ures 3A and 3B. It can be seen that the multi-level struc- 
ture decreases the gap between the voltage values and 
increases the read voltage. 

[001 1 ] It should be noted that the working range of the 
threshold voltage is independent of the number of bits 
contained in the cell. Thus, by employing a multi-level 
structure, the threshold gap between the various distri- 
butions decreases. 

[001 2] Reducing the gap between the threshold volt- 
age distributions means reducing the current differenc- 
es that the sense amplifier is to sense. Furthermore, it 
should be provided a programming method, able to 
place the cells inside the various distributions. 
[0013] For convenience of illustration only, the in- 
stance of a flash EEPROM with NOR architecture will 
be considered herein below. 

[0014] As it is well known, memory cells of this type 
are written by hot electron injection, by applying a volt- 
age of about 1 0 V to the control gate terminal , a voltage 
of about 5 V to the drain terminal , and by leaving the 
source terminal connected to a ground reference, there- 
by allowing the floating gate terminal to accumulate 
charge to saturation. 

[001 5] In the instance of a multi-level memory, the re- 
duction of the difference between the threshold voltages 
corresponding to the various charge levels that can be 
stored in the floating gate terminal, and hence the dif- 
ference between the various conduction levels of the 
ceils, requires an accurate and "fine" control of the cell 
programming operation, and in particular of the charge 
stored in the floating gate terminal during such an oper- 
ation. 

[0016] It has been shown, both theoretically and ex- 
perimentally, that a linear relation exists between the 
variation AVG of the voltage applied to the control gate 
terminal during the cell programming phase and the 
threshold jump that is obtained at set values of the volt- 
age VD applied to the drain terminal and of the voltage 
VS to the source terminal, as explained by Riccd et al. 
in an article "Nonvolatile multilevel memories for digital 
application", Pro. IEEE, vol. 86, December, 1998, pages 
2399-2421 . 

[001 7] In particular, as schematically shown in Figure 



EP 1 365 417 A1 



20 



25 



30 



35 



40 



45 



50 



55 



2 



3 



EP 1 365 417 A1 



4 



1 , the cell should be programmed by applying, to Its con- 
trol gate terminal, a "stepwise" voltage that increases 
linearly. 

[0018] In practice, a series of program pulses are 
used which differ from each other by a constant value 
AVG. Thus, the program voltage is a constant pitch step- 
wise ramp, while the voltage on the drain terminal and 
the pulse duration are dependent on and set by the cell 
fabrication process. 

[0019] At the end of each program pulse, the result is 
verified to see if the desired threshold level has been 
attained, and to discontinue or to continue programming 
accordingly. 

[0020] It can be appreciated that, when this program- 
ming method is used, a threshold voltage distribution of 
width AVG is obtained, which equals the pitch of the 
stepwise program voltage. 

[0021] Thus, multi-level memory cells can be pro- 
grammed at a desired threshold voltage by using a pre- 
determined number of program pulses. 
[0022] The main problem encountered with the above 
method is its inherently low speed. Programming multi- 
level cells involves applying a succession of pulses to 
the control gate of the cell, starting from the lowest level, 
and this takes a longer time than the single program- 
ming pulse used in the case of two-level cells. In addi- 
tion, each level is attained only after the setting of the 
level directly below. 

[0023] In order to achieve a programming time of the 
single byte that can be compared with that of a conven- 
tional two-level cell, it has been thought of programming 
several multi-level cells in parallel. 
[0024] Assuming 8 us to be the time taken to program 
a single byte in the two-level case, and 200 us to be the 
time taken to go through the stepwise program ramp in 
the multi-level case, then 256 bits of multi-level cells 
would have to be programmed simultaneously in order 
to achieve an effective programming time of 6 us per 
each single byte of multi-level cells. 
[0025] Increasing the internal parallelism of multi-lev- 
el memory devices would bring about several technical 
problems, first and foremost increased current usage, 
to the point that any engineering developments in that 
direction would be restrained. 
[0026] The underlying technical problem of this inven- 
tion is to provide a new method of programming the cells 
of a multi-level non-volatile memory device, which meth- 
od has appropriate operational features to enable pro- 
gramming to be performed fasterthan, yet as accurately 
as, the programming methods of the prior art. 

Summary of the Invention 

[0027] The solution idea of the present invention is 
that of applying, to the drain terminals of the cells of a 
given memory word to be programmed, different voltage 
values as a function of of the threshold to be attained. 
The different drain voltages, each corresponding to a 



predetermined level, are selected to promote the attain- 
ment of the corresponding level in a seeking-to or as- 
ymptotic way, i.e. after a congruous number of pulses, 
regardless of the final level of each bit. 

5 [0028] Of course, to obtain bits of equal level, the 
same drain voltage values have to be applied. 
[0029] The congruous number of pulses is to meet 
two requirements: it should be the least possible, and at 
the same time, ensure that each level is attained with 

10 an appropriate degree of suitable and controlled accu- 
racy. 

[0030] Based on this idea, the technical problem is 
solved by a programming method as previously indicat- 
ed and as defined in Claim 1 . 
15 [0031 ] The features and advantages of the program- 
ming method according to this invention will become ap- 
parent from the following description of an embodiment 
thereof, given byway of non-limitative example with ref- 
erence to the accompanying drawings. 

20 

Brief Description of the Drawings 

[0032] In the drawings: 

25 - Figure 1 schematically shows schematically a se- 
ries of multi-level memory cells and a plot of a pro- 
gramming voltage to be applied to the cell control 
gate terminals, according to the prior art; 

so - Figure 2 schematically shows the same series of 
multi-level memory cells as in Figure 1 , and a plot 
of a programming voltage to be applied to the cell 
drain terminals, according to this invention; 

35 - Figure 3 schematically shows a plot of voltage 
against time showing certain characteristic curves 
that correspond to different threshold levels of the 
memory cells; 

40 - Figures 3 A and 3B are comparative of the threshold 
voltage distribution, in a two-level memory and a 
multi-level memory having two bits per cell; 

Figures 4A and 4B schematically show voltage vs. 
45 time plots respectively showing two different char- 
acteristic curves associated with a predetermined 
logic level that vary depending on the number of 
pulses applied to the drain terminals of the memory 
cells; and 

50 

Figures 5A and 5B schematically show voltage vs. 
time plots respectively showing two different char- 
acteristic curves associated with a predetermined 
logic level and that vary depending on the number 
55 of pulses applied to the drain terminals of the mem- 
ory cells. 
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Detailed Description 

[0033] With reference to the drawings, in particular to 
Figure 9 thereof, a group of memory cells, being incor- 
porated to a multi-level non-volatile memory device 
monolithtcalty integrated in a semiconductor, are shown 
generally at 1 in schematic form. 
[0034] The memory device is a conventional one, and 
accordingly shown in the drawings as a whole. It com- 
prises an array of multi-level memory cells along with its 
address, decode, read, write, and erase circuitry. Thus, 
shown in Figure 1 is just an eight-bit memory word or 
byte. 

[0035] However, there is no reason why larger mem- 
ory words, e.g. words of sixteen, thirty-two, or sixty-four 
bits, could not be considered instead. The following con- 
siderations bear no relation to the size of the memory 
word. 

[0036] The memory device where the cells 1 are in- 
corporated maybe of the EEPROM or of the flash EEP- 
ROM, and is electrically programmable and erasable. 
[0037] As previously stated, the array of non-volatile 
memory cells has conventional decode circuitry associ- 
ated therewith, which circuitry is triggered by a switching 
edge of a pulsive signal ATD. 

[0038] A typical architecture of a non-volatile memory 
array comprises a number of sectors divided into two 
groups. Each sector can be programmed and erased 
independently of the other sectors. Furthermore, each 
group has its own row decode, and its own array of read 
sense amplifiers. 

[0039] A more detailed description of the construction 
and operation of a multi-level memory device can be 
found in the technical literature. For the purpose of this 
invention, it is important to understand that, in a multi- 
level memory device, the duration of the programming 
pulse and the voltage applied to the drain terminal of the 
memory cell are critical parameters to successful pro- 
gramming. 

[0040] In conventional programming of the stepwise 
type, carried out according to the prior art, a memory 
cell typically draws a current of several tens of uA. For 
example, assuming a current draw of 50 uA per cell, pro- 
gramming or modifying 64 cells in parallel would require 
a total program current of 3.2 mA. 
[0041 ] The method of the invention allows the current 
requirements for programming to be drastically re- 
duced, and allows much faster programming. 
[0042] With reference in particular to the example 
shown in Figure 2, the control gate terminals of the 
memory cells 1 that comprise the memory word are all 
held at the same constant voltage value Vg. 
[0043] At the same time, to the drain terminal of each 
memory cell is applied a drain voltage that is a direct 
function of the threshold level sought to be reached for 
a predetermined bit. The voltage values to be applied to 
the drain terminal, say four different values for four dif- 
ferent levels, are purposely selected from an indefinite 



set of possible values, such that the target condition can 
be simultaneously attained, regardless of the values of 
the levels. This is achieved with a limited, albeit exactly 
congruous, number of pulses, which are followed by a 

5 testing phase. 

[0044] This is made practicable by the drain levels be- 
ing designed to produce larger variations at higher lev- 
els, such that they can attain a respective level each at 
the end of a convenient number of pulses. 

10 [0045] In this way, a different final threshold voltage 
can be obtained for each cell at the very instant of time 
when programming is discontinued. 
[0046] The aspects of the invention can be better ap- 
preciated by having reference to the graph of voltage 

15 vs. time in Figure 3. 

[0047] The graph shows curves of measurements 
made by the Applicant on electrically programmable/ 
erasable multi-level non-volatile cells. 
[0046] The curves show that the write characteristic 

20 of the cells varies with time and the value of the drain 
voltage at constant gate voltage, e.g. of 9 V. 
[0049] The cell threshold increases with time and ac- 
cording to the end level sought, while at a predetermined 
instant of time, it takes a value that corresponds to the 

25 drain voltage applied. 

[0050] In essence, after a predetermined period of 
time, the threshold voltage of a given cell held at a con- 
stant control gate voltage will have a threshold value that 
is tightly linked to the voltage applied to its drain termi- 

30 nal. The higher this voltage value, the higher will be the 
corresponding threshold. The drain voltage values are 
selected such that the different levels will be attained 
simultaneously after n congruously accurate pulses, 
whose number may be a bare minimum. 

35 [0051] Of course, the minimum number of preceding 
pulses is tightly linked to the degree of accuracy sought. 
However, by paralleling the levels in this manner, some 
more pulses can be expended to enhance the degree 
of accuracy, with the inventive method providing the du- 

40 al advantage of being faster and more accurate than tra- 
ditional approaches. 

[0052] Consequently, the method of this invention es- 
sentially dissociates the memory cell programming time 
from a target threshold level. 

45 [0053] In conventional stepwise programming meth- 
ods, programming time is a linear function of the level 
to which a given cell is to be raised, and many pulses 
are expended to just move from one level to another, 
with an attendant waste of time. 

50 [0054] In addition, as the plot of Figure 3 brings out, 
attaining a given threshold level in a non -linear, or rather 
logarithmic fashion versus time is assurance of the 
threshold levels, and hence the corresponding logic lev- 
els, being neatly separated. In essence, the possibility 

55 for levels to overlap is drastically lessened. 

[0055] A noteworthy feature of the programming 
method of this invention is that to the drain terminals of 
the cells are applied successive voltage pulses of pre- 
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determined duration, e.g. 1 \is, and of a level same as 
the level sought. However, there is no reason why suc- 
cessive pulses of different duration could not be used 
instead, e.g. a first pulse of long duration followed by 
one or more pulses of shorter or decreasing duration, in 
order to advantageously speed up the starting step and 
further reduce the number of pulses and attendant verify 
step. 

[0056] The voltage/time graph of Figure 4A shows, by 
way of example, two characteristic curves illustrating 
how the attainable threshold values may vary for the 
same applied voltage values but with a different number 
of pulses. 

[0057] The voltageAime graph of Figure 4B is another 

example obtained at a different drain voltage level if 

compared with the graph of Figure 4A. 

[0058] The graphs of Figures 5A and 5B are similar 

to those of Figures 4A and 4B, but for the number of 

pulses that are applied in orderto attain a predetermined 

threshold. 

[0059] The number of pulses that can be applied to 
the drain terminal may vary contingent on the cell fabri- 
cation process, and can be adjusted according to the 
results of conventional program verify tests. 
[0060] The method of this invention does brilliantly 
solve the technical problem, and provides a number of 
advantages, foremost among which is that the number 
of pulses, and with it the memory word programming 
time, has been greatly reduced if compared with con- 
ventional methods. 

[0061] Simulation tests conducted by the Applicant 
have demonstrated time savings of up to one order of 
magnitude over gate pulse writing. 
[0062] The solution proposed by the present invention 
outdates the parallelism techniques. 
[0063] An additional advantage comes from the re- 
duced stress on the gates of the memory cells. In the 
state of the art, one is to wait for all the cells of a byte 
to be written before a memory address can be changed, 
which highly stresses the gate terminals with the appli- 
cation of the whole stepwise ramp of voltage values. On 
the other hand, the amount of stress on the gate termi- 
nals is reduced in this invention, again of one order of 
magnitude. 

[0064] Finally, it will be appreciated that, in this inven- 
tion, the drain terminals of the cells to be programmed 
are brought up to a desired regulated voltage value, re- 
gardless of the number of cells that are to be pro- 
grammed. 

[0065] The programming method of this invention can 
also be advantageously applied to high-capacity mem- 
ory devices having special functions (such as the burst 
mode or page mode) and including a large number of 
sense amplifiers arranged for sharing by the whole 
memory array. 



Claims 

1. A method for programming a non-volatile memory 
device of the multi-level type, comprising a plurality 

5 of transistor cells grouped into memory words and 
provided with conventional gate and drain termi- 
nals, characterized In that different drain voltage 
values are applied in parallel to separate cells for 
attaining different threshold values. 

10 

2. A programming method according to Claim 1 , char- 
acterized in that said different drain voltage values 
are directly proportional to the threshold values to 
be at tained for each bit, and are selected such that 

15 the corresponding level set for each bit is attained 
in a seeking-to or asymptotic manner at the end of 
a congruous number of pulses. 

3. A programming method according to Claim 1 , char- 
20 acterlzed in that a constant gate voltage value is 

concurrently applied to the gate terminals of said 
cells. 

4. A programming method according to Claim 1 , char- 
ts acterlzed In that each different drain voltage value 

is applied by means of a succession of pulses. 

5. A programming method according to Claim 4, char- 
acterized In that the different drain voltages have 

30 a constant amplitude or level at each pulse. 

6. A programming method according to Claim 4, char- 
acterized in that said pulses are constant duration 
pulses. 

35 

7. A programming method according to Claim 4, char- 
acterized in that said pulses are decreasing dura- 
tion pulses. 

40 8. A programming method according to Claim 4, char- 
acterized In that said pulses are varying duration 
pulses. 

9. A programming method according to Claim 1 , char- 
45 acterlzed in that the different drain voltage values 

correspond to different logic threshold values of the 
multi-level cells. 

1 0. A programming method according to Claim 2, char- 
50 acterized in that said different drain voltage values 

are appropriate to ensure that a predetermined 
threshold level will be attained in a seeking-to man- 
ner, at the end of a predetermined number of puls- 
es. 

55 

1 1 . A programming method according to Claim 1 , char- 
acterized In that said some cells of said memory 
word take a different individual threshold value in a 
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seeking-to manner, at the same instant of time 
when programming is interrupted. 

12. A programming method according to Claim 1 , char- 
acterized in that the cell programming time is un- s 
related to the threshold level sought. 

13. A programming method according to Claim 2, char- 
acterized in that the point of simultaneous attain- 
ment in a seeking-to manner of the different target 10 
levels is set at the end of a limited number of pulses. 

14. A programming method according to Claim 13, 
characterized in that the limited number of pulses 

is set consistently with a congruous degree of ac- w 
curacy and with a number tending to a minimum. 
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